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LOOPS OF SUPEREXPONENTIAL LENGTHS IN ONE-RULE STRING REWRITING*

ALFONS GESER'

Abstract. Loops are the most frequent cause of non-termination in string rewriting. In the general
case, non-terminating, non-looping string rewriting systems exist, and the uniform termination problem is
undecidable. For rewriting with only one string rewriting rule, it is unknown whether non-terminating,
non-looping systems exist and whether uniform termination is decidable. If in the one-rule case, non-
termination is equivalent to the existence of loops, as McNaughton conjectures, then a decision procedure
for the existence of loops also solves the uniform termination problem. As the existence of loops of bounded
lengths is decidable, the question is raised how long shortest loops may be. We show that string rewriting
rules exist whose shortest loops have superexponential lengths in the size of the rule.

Key words. string rewriting, semi-Thue system, uniform termination, termination, loop, one-rule,

single-rule
Subject classification. Computer Science

1. Introduction. Uniform termination, i.e. the non-existence of an infinite reduction sequence, is an
undecidable property of string rewriting systems (SRSs) [8], even if they comprise only three rules [13]. It is
open whether uniform termination is decidable for SRSs with less than three rules.

An SRS admits a loop if there is a reduction of the form v —T sut. Every looping SRS is non-terminating.
The converse does not hold, even for two-rule SRSs [6]. McNaughton [15] conjectures that every one-rule
non-terminating SRS admits a loop.

If McNaughton’s conjecture holds, and if the existence of loops is decidable for one-rule SRSs, then the
uniform termination of one-rule SRSs is decidable. Existence of loops of bounded length is decidable [6].
This immediately raises the question whether there is an algorithm that outputs upper bounds of lengths of
shortest loops. On this account it is most interesting how long shortest loops can be.

The purpose of this note is to prove that there are one-rule SRSs that admit loops of superexponential
lengths in the size of the rule, but no shorter loops. This is in harsh contrast to the common belief that
loops are simple. Specifically, we prove the following result.

THEOREM 1.1. For all p > 2q, q > 1, r > 2, the string rewriting rule
R = {10” — 071707}

admits loops of length 1+ Zf;é rt where { = [2] but no shorter loops.

Theorem 1.1 follows immediately from Lemmas 4.6 and 6.17, which we will prove below.

By choosing ¢ = 1 and keeping p > 2 fixed, we get a family of rules where the shortest length of loops is
polynomial in r with degree p — 1. By choosing ¢ = 1 and keeping r > 2 fixed, we get shortest loop lengths
exponential in p with base r. By choosing ¢ = 1 and r = p the minimal loop length is greater than p?~!.

This shows the claimed superexponential growth.

*This work was supported by the National Aeronautics and Space Administration under NASA Contract No. NAS1-97046
while the author was in residence at ICASE, NASA Langley Research Center, Hampton, VA 23681-2199, USA.
tAddress: ICASE, Mail Stop 132C, NASA Langley Research Center, Hampton, VA 23681. Email: geser@icase.edu



The paper is organized as follows. We will show: in Section 3 that each R has a loop; in Section 4 that
the length of the loop is as claimed; in Section 5 that the start string of a shortest loop has a special shape;
and in Section 6 that these strings initiate no shorter loops.

2. Preliminaries. We assume that the reader is familiar with termination of string rewriting. SRSs
are also called semi-Thue systems.

For an introduction to string rewriting see Book and Otto [1] or Jantzen [9]. The study of termi-
nation in one-rule string rewriting has been initiated by Kurth in his thesis [11]. Further work includes
McNaughton [14, 15, 16], Senizergues [19], Kobayashi et al. [20, 10], and Zantema and Geser [6, 21, 4, 5].
Since SRSs can be encoded as term rewriting systems where letters are unary function symbols, the results
of termination of term rewriting [3] apply.

An SRS R is a set of string rewriting rules, i.e. pairs of strings denoted as u — v. The reduction step
relation, also denoted by —, is defined by sut — svt for all strings s,t and string rewriting rules v — v.
Here st denotes the concatenation of strings s and ¢.

A loop is a reduction of the form ¢ —* utv where u,v are strings. An SRS R is said to admit a loop if a
loop t =T utv exists.

The string ¢ is also called a prefiz, u a suffix of tu. Any string utv is said to contain ¢ as a factor. The
set of overlaps of a string u with a string v is defined by

OVL(u,v) = {w € 3" | u = v'w,v = wv',u'v' #¢,u',v' € T*} .

3. The Rule Admits a Loop. Throughout this paper we assume strings over the two-letter alphabet
{0,1}, and we speak about one-rule SRSs R = {107 — 0”170}, for some p > 2q, ¢ > 1, r > 2. In this
section we show that each R has a loop.

DEFINITION 3.1. Let strings t;, i > 0 be defined recursively by

to =1,

ti+1 - Oqtr .

K3

The following lemma is crucial for the proof that R admits loops.
LEMMA 3.2. ¢?0P —* 0P~ 7437 07 holds for all k,m > 0.
Proof. Proof by induction on (k,m) ordered lexicographically. The case m = 0 is trivial, so assume

m > 0. Case 1: £k =0. Then
0P =t 1107 — ¢t TOP1T0Y —* 0PI TR091m07 = 0PI 0Y,
by definition of to, inductive hypothesis for (k,m —1), and definition of ¢;, respectively. Case 2: k > 0. Then
0P = 7 H 0% 0P —* ¢ 0I0P 94,07 —* 0PIy 007 = 0P, 07,

by definition of t, inductive hypothesis for (k — 1,r), inductive hypothesis for (k,m — 1), and definition of
tr+1, respectively. O

By definition t, is a factor of t;+1. Now if ;0P is a factor of t;4107 then we have a loop. To this end k
has to be great enough.

ExXaMPLE 1. Letp=2,q=1,r =2. Then R = {100 — 00110}. We have to = 1, t; = Ototo = 011,
ty = 0t1t; = 0011011, t3 = Otato = 000110110011011, and so forth. The string to0P = 100 is not a factor



of 109 = 0110. Neither is t10? = 01100 a factor of t20? = 00110110. Howewver t30¢ = 0001101100110110
contains t20P as a factor at the underlined occurrence.
The problem is traced back to finding a factor 0P within ¢;. The following property of ¢; is the key to
the solution.
LEMMA 3.3. For all k > 0, the following hold:
1. 09 is a prefix of ty.
2. 09%+1 s not a factor of ty.
Proof. Straightforward induction on k. O
If k is chosen great enough then 0P fits into 09%. Let [x] denote the least integer i such that i > .
LemMA 3.4. Let ¢ = [E]. Then t,07 —* 0P=%t;4107 is a loop.
Proof. By Lemma 3.2 for m = 1 we get a reduction

t, 0P —* Opiqtg+10q . (31)

Now suppose that ¢ = [%], whence g¢ > p. The following analysis shows that in this case Reduction (3.1)
indeed forms a loop, i.e. that its left hand side #,07 is a factor of its right hand side, 0P~ 9ty 10%. For some
string w we get

0P 94,1407 = 0P7909%;07 = O0P~90%) 2t,t,01 = OP~907¢,2t,07w0? = 0P~ 707¢;~t,070% Pw0?

by definition of t;41, the premise r > 2, Lemma 3.3, and the property ¢f > p, respectively. The occurrence
of t,0?7 is underlined. O

4. The Loop has Superexponential Length. Now let us calculate the lengths of reductions ¢,0P —*
0P~9tp4107 of Lemma 3.4. We start with a recursive specification of the lengths of reductions of Lemma 3.2.
Let N denote the set of non-negative integers.

DEFINITION 4.1. The function f : N x N — N is defined recursively by

f(k‘,O) =0,
fO,m+1)=1+ f(0,m),
flk+1,m+1)= f(k,r)+ f(k+1,m) .

The following properties of f are obvious.

PROPOSITION 4.2. f is well-defined and a total function.

PROPOSITION 4.3.  f(k,m) equals the length of the reduction t;*0P —* 0PI 07 constructed in
Lemma 3.2.

It is straightforward to check that the following non-recursive definition of f satisfies Definition 4.1:

PROPOSITION 4.4. f(k,m) = mr* for all k,m > 0.

From Propositions 4.3 and 4.4 we get immediately:

PROPOSITION 4.5. The length of the reduction in Lemma 3.4 is r°.

The length of the loop in Lemma 3.4 is not yet minimal. A refinement leads to the following shorter
loop. We will prove its minimality in the subsequent sections.

LEMMA 4.6. Let { = [E]. Then there is a loop

10— D(E+)+a _yn Oplf‘*lo(pftI)lftloq

of lengthn =1 + Ef;é rt.



Proof. By Lemma 3.2 and Proposition 4.3 we have the reduction

1P~ (t+)+a _
0P1" 0P+ 57

0P1r—Lor—ag, 0P~ (E=D)+a _yr!

OP17“—10(10—4)(f—l)tlilo(P—q)-i-q _)7"[71 Oplr—Qlo(P—q)ftloq .

Now t; has a prefix 09 by Lemma 3.3, and so a prefix 0P by definition of £. Together with the underlined
string this forms a reoccurrence of the initial string, 10P—9(+D+a = 10(P-DQP as a factor in the final

string. So the given reduction is indeed a loop. O

5. How Shortest Loops Start. To prove that there are no loops shorter than those of Lemma 4.6,
we first restrict the set of strings that may initiate shortest loops. To this end we employ the fact that the
existence of loops is characterized by the existence of looping forward closures. Forward closures [12, 2] are
restricted reductions. The following characterization of forward closures by Hermann is convenient.

DEFINITION 5.1 (Forward Closure [12, 2, 7]). The set of forward closures of an SRS R is the least set
FC(R) of R-reductions such that

fel. if I = r) € R then (I = r) € FC(R),
fe2. if (s1 = tix) € FC(R) and (zl}, — r2) € R such that x # € then (s1ly, =T tizly, -T tir2) € FC(R),
fe3. if (s1 =T t1lst]) € FC(R) and (Io — r2) € R then (s =7 tilt] =T tirst]) € FC(R).

We call a forward closure of the form s =+ usv a looping forward closure.

THEOREM 5.2 ([6]). An SRS admits a loop if and only if it has a looping forward closure. Moreover if
there is a loop of length n then there is a looping forward closure of length at most n.

LEMMA 5.3. Every forward closure of R has the form 100P=0k+4 % ;1709 for some k > 1 and some
string w.

Proof. By induction on the definition of forward closure. Case fec! is trivial. For Case fc2, let s1 =
10(P=Dk+a 4" 3o = 1709, xlh = 10P, ro = 0P170%. Observe that  must be z = 107. This implies t| = w1"~!,

I = 0P~ 7 and we get
silh = 10(P—Dk+agp—a — 1glP—D(k+1)+q _y* 7= 1gp1rd = thry

as the composed forward closure. It has the claimed form.
Case fe3: Let sy = 10P=Ok+a 1 [, = w1709, I, = 107, r, = 0P170. By p > ¢, I, cannot be a factor
of 1707. Nor can it left overlap with it: OVL(lz,1709) = ). Therefore ¢} is longer than 1707. In other words

a string w' exists such that ¢t{ = w'1707. Hence w = ¢{low’ and the composed forward closure is
51 = 10P=Ok+a 40y 1709 = ¢ ot

which has the claimed form. O

Next we show that a forward closure can only issue an infinite reduction, and so a loop, if its left hand
side is large enough.

LEMMA 5.4. 0P=Ok+a,.09 is jrreducible for all k < [27.

Proof. Suppose that 0(—ak+ag, 07 is reducible. Then #y is reducible; but then t;_; contains a factor 0?;
by Lemma 3.3 then ¢(k — 1) > p;so k> 1+ [£]. 0O



THEOREM 5.5 ([18]). Let R be non-overlapping and let s be an arbitrary string. Then s has an infinite
reduction if and only if all reductions starting from s can be prolonged infinitely.

LEMMA 5.6. If 10P=9k+4 jssues an infinite reduction then k > 1 + [E].

Proof. First we observe that R is non-overlapping, i.e. its left hand side, 107, has no overlap with itself:
OVL(107,107) = (. Now there is a reduction s = 10(P~9k+e _* 0(P=9kt, 09 = s’ by Lemma 3.2 applied k
times for m = 1. If k < f%] then this reduction cannot be prolonged as its final string, s’, is irreducible by
Lemma 5.4. By Theorem 5.5 therefore s issues no infinite reduction for ¥ < [2]. 0

6. Shorter Loops Do Not Exist. We still have to prove that strings 10¥®—9+¢ k> 14/ =1+ [g],
initiate no loops shorter than 1+ Y3¢20 i,

First let us switch from strings s € {0,1}* to their tuple representation T'(s) € N*. Please note that our
notion of tuple representation differs from the literature [17, 11].

DEFINITION 6.1. A string s € {0,1}* of the form

g = po(P—D+voaqgrilp—a)tyia  qpzr(P—a)tyrg
for some k,xq, ...,z € N and 0 < yp,...,yr <€ —1 is said to have a tuple representation

T(s) = (To,-- -, Tk;Y0,--->Yk) -

The guard y; < £ — 1, which is equivalent to y;q < p — ¢, ensures that the z; and y; are uniquely given by
x;(p — q) + yiq. Some strings over the alphabet {0,1} may have no tuple representation, e.g. 0 has no tuple
representation if p = 4, ¢ = 2. For our purposes, however, it is reassuring to know that 10%(P~9+¢ has a
tuple representation for any k and that certain rewrite steps preserve the existence of tuple representation.

We will conveniently speak about rewriting steps at position m:
DEFINITION 6.2. Let s have a tuple representation, T(s) = (xo,- .-, Tk;Y0,--->Yk), and let 0 <m < k—1.

Then s —m 8" if Tpa1 >0, Yme1 >0, and

g = orop—a+yoay  1pEm(P—D+ymagrirpig@m+1—D(P—O)+(ymi1—a  qpeeP—O)+yre

PROPOSITION 6.3. If s has a tuple representation then s — s' if and only if s —p, s for some
0<m<k-1.

DEFINITION 6.4. Let T'(s) = (xo,---,Zk; Yo,---,Yk) and let 0 <m < k—1. Then a rewrite step s —p, s
is called ordinary if y,, < £ — 1. Else the step is called extraordinary. A reduction is called ordinary if every
step is ordinary. An extraordinary reduction has at least one extraordinary step.

Ordinary rewrite steps preserve the existence of tuple representation:

PROPOSITION 6.5. Let T'(s) = (xo,---,Zk;Yo,---,Yk), let 0 <m < k —1, and let s —,,, s’ be ordinary.

Then s’ has the tuple representation

T(Sl) = (mOw--:mm—l:mm + 1707'--707xm+1 - 1,$m+2,---,$k;
———r
r—1
Yo,y Ym—1,Ym +170)'")07ym+17ym+2;--->yk) .
—_——
r—1

In contrast, extraordinary steps may create strings that have no tuple representation.
EXAMPLE 2. Let s have the tuple representation T'(s) = (2,1;£ —2,1), and let m = 0. Then we have

s = 02—+ (=2)aqp S 03— +(-1aqge — g*p—0)+la—ppe |



For p=>5,q9g =2 we get £ =3 and {q — p = 1 which has no representation as an integer multiple of q. So the
string 0*(P—0+a=P10% has no tuple representation.

Our goal is to demonstrate that, in any reduction starting from 10%(P—9+4 the first extraordinary step
takes place only as late as the completion of the loop.

We are now going to construct two functions h,h’ that estimate the length of the shortest ordinary
reduction to the next string that has the factor 10(P~9¢ and the length of the shortest extraordinary

reduction, respectively. These two functions will be based on the following auxiliary functions gy.

DEFINITION 6.6. The functions g, : NF*1 < N, k € N are defined by

1
gk(x0> o ,l'k) = —l(rzlJr"-JrIk + prettTE B k?) )
r—

gr. does not depend on its first argument. This is intentional.
The following derived properties will be useful below.
PROPOSITION 6.7. For all k > 1,xg, ...,z the following hold:
1. gk(xo, . ,xk) = gk—l(CUO, .. -,«Tk—l) Zf T = 0,‘
2. gk(w07 s ,.’L'k;) Z gk—l(mla .. 7:1’.]6)7'
3. gr(zo, .-, Tk) = Getr—1(To,-. ., i + 1,0,...,0, 241 — 1,...;2) + 1 for all 0 < i < k — 1 such that
——

r—1
Tiy1 > 1;

4o gi(xo, .- xk) > gr(wo + Lwe, .. wi—1, @ — L, @ipq, ..., xp) for all 1 <i < k such that x; > 1;
5. gr is monotone in each argument.
The next lemma is the workhorse of this section. It states that a reduction step decreases by at most

one, the minimal value of all those g; terms which have the same sum of arguments.

LEMMA 6.8. Let s — s be an ordinary step where T(s) = (zo,...,Zk;Yo0,---,yx) and T(s') =
(T0y s Thr3 Y0y -3 Ypr ). Then for every 1 <i" < j' <K', 20, <l there exist 1 <i < j <k, z; < xj such
that

! ! !
Gjr—ir (Tjrs oo Ty, 250) > i@y Tj1,25) — 1,

! ! !
.’I/'lr++m]r_1 +Z]r :.’I/'l++wj_1 +Z] .

Proof. Let 0 < m < k — 1 be determined by the rewrite step s —,, s’. Then by Proposition 6.5

we have k' = k+r —1, 2y = xo, ..., &), = Tpm_1, T, = Ty + 1, )y = -+ = 2. = 0,
! _ ! _ ! _ [ ! i [

Ty = Tmi1 — 1, iy = Ting2, oo, Tp = Tk, And we have Y5 = vo, -+, Y1 = Ym—15 Yy = Ym + 1,
! — — ! — ! — ! — [

ym+1_"'_ym+r—1_ov Ym+r = Ym+1 Ymtr+1 = Ym+2, -+ -5 Yo = Yk-

Let 1 <i' <j' <k'and z}, <z’ . The proof is done by case analysis on i’ and j'.
Case 1: 1 <i' <j' <m. If j' # mor 2, # Ty + 1 then choose i = i', j = j',z; = 2},. In this case we

get

gjr—it (1‘;/, e ,:L’.Ij/fl, Z.;') = gjfi(l'i; e ,1‘]‘,1,2]') . (61)



Else choose i = i',j = m + 1,z; = 1. Here we use &,41 > 0 to establish z; < z;. We get

Gir—ir(Ty ooy 1, 251) = Gm—i(@iy o T 1, T + 1)
= gm+r—i(xi7- e Tm—1,Tm + 1,0,. . ,0)
——
T
= gm+1—i(Tiy. ooy Tm, 1) — 1
= gj_i(:ni, e ,mj_l,zj) — 1,

by Items 1 and 3 of Proposition 6.7.
Case 22 m+1<i <j <m+r—1 Then zy +---+ x5 1+ 25 =0. Choose any 1 <i <k, and let
Jj =t and z; = 0. Then

g —it (Z’;;, - ,Z'.’j/fl,zl‘!) =0= gO(O) :

Case 3: m+r <i' <j' <K. Ifi' #m+ror j' =i then choose i =i' —r+1,j =j" —r+1,2; = 2j,. We
get (6.1). Else we have i’ =m +r and j' > i, and so z}, = Z;41 — 1. In this case let i =m + 1. If 2, >0

then let j and z; be defined by j = j' —r + 1 and z; = 2/, — 1; else let i < j < j' — 7 + 1 be the greatest

!
jl
number such that z; > 0 and let z; = z; — 1. By x; > 0, j and z; are well-defined. Thus we get

! ! ! '
gj'—it (xi,,. . ,1}]‘!71,2‘]'!) = gj’—r+1—i(37i — I,ZUZ'_H, - .,xj/_r,er)
=gj—i(®i — Lwig1, ..., 1,25 + 1)
> gj—i(Tiy Tiv1,. .y Tjo1,25)

by Items 1 and 4 of Proposition 6.7.
Case 4: 1 <i' <mand m+r < j' <K' Choosei=1',j=j" —r+1,2; =2, Weget

/ / Iy —
Gjr—it Ty oy Ty _1525) = Gjitr—1(Tiy o T + 1,0, 0,240 — 1,00 251, 25)
N——
r—1
= gj—i(xia- .. ,Clﬁm,.’I,'m+1, . ,CCj_l,Zj) — 1

by Item 3 of Proposition 6.7. Note that if j' = m + r then 2, = 2,41 —1 = z; — 1. So one can always
choose z; = 2}, yielding z; = 2}, <z}, < x; as required.

Case 5: 1 <i' <m < j <m+r—1. This case reduces to Case 1 by the identity

gjr—it (1‘;,,. .. ,1';771, Z.;/) = G9m—i (1‘;/, v 7x;n)

due to Item 1 of Proposition 6.7.
Case 6: m+1<i <m+r <j <k’ This case reduces to Case 3 by the inequality
Gir—ir(Tirs ooy T 15 251) 2 Gt (Toppey -+, T 15 251)

due to Item 2 of Proposition 6.7.

These are all cases. In each case it is easy to show that a}, +--- + 2}, = 2; + - - + 4. This finishes the
proof. O

DEFINITION 6.9. Let T'(s) = (xo,---,Tk; Yo,---,Yk) ond let 1 + -+ +xp > L. Then h(s) € N is defined

by

h(s) =min{gj_s(2s,...,zxj-1,25) |1 <i<j<k,z; <zjx;i+---+xj_1+2z; =L} .



Well-definedness of h(s) follows immediately from the fact that the minimum is taken from a finite, non-
empty set.

LEMMA 6.10. Let s — s' be an ordinary step where T(s) = (zo,-.-,TK;v0,---,yx) and T(s") =
(@05 s &3 Yoy oY) If 2y + -+ 2, > Lthenxi +---+a, > € and h(s) < h(s') + 1.

Proof. The condition x} + - -- + 2}, > £ ensures that h(s') is defined. If s =, s’ for 1 <m < k —1 then
x1 4+ +xp =a +---+a}, > by Proposition 6.5. Else s —,, s’ for m = 0 and then (z1 —1)+ -+ =
zy + -+, > L Soxy + -+ xp > L whence h(s) is defined.

By definition of h(s'), there is 1 <" <j" < &', 2}, < ', such that both h(s') = gjr—ir (s, ..., _y,2%)
and zj, + -+ +aj_; + 2}, = . Hence by Lemma 6.8, there is 1 <i < j <k, z; < x; such that

h(s") > gj—i(zi,...,xj_1,2j) =1 and @i+ +zj1+2; =10 .

So h(s) < gj—i(xi,...,xj_1,2;) < h(s')+1.0

LEMMA 6.11. Let T(s) = (%o, .., Zk; Y0, - - -, Yx)- If s =™ ul0P~Dy for some strings u, v is an ordinary
reduction then x1 + --- + z > £ and h(s) < n.

Proof. By induction on n. The base case n = 0 is proven by h(s) < go(¢) = 0. For the inductive step let
s — 8 =" 10Dy let o} + -+, > L, and let h(s') <n — 1. Thus z; +---+x > £ and h(s) <n
by Lemma 6.10. O

With Lemma 6.11 we have a criterion for ordinary reductions. For extraordinary reductions we pursue
a similar line of reasoning. We start with a lemma akin to Lemma 6.8. If ¢ = j then for convenience let
9i—i(Yis Tiv1,---,2j—1,2;) = go(z;) and let y; + xi41 + -+ + xj_1 + 2z; = z;. Note that we require z; < y; if
i =7j and z; < x; else.

LEMMA 6.12. Let s — s' be an ordinary step where T'(s) = (zo,...,Zk;Y0,..-,Yx) and T(s") =
b < @l and for every 1 < i' = j' < K,
2l <y there exist 1 <i < j <k, zj <xj or 1 <i=j <k, z; <yj; such that

(@G- @y Yoy - - Ypr ). Then for every 1 < i < j' < k', z

! ! ! !
Gjr—it Yirs Thr 15 Tjr 15 251) 2 Gj—i(Yir Tit 1, -+ -5 Tj—1,25) — 1,

Yo Tyt T 2 =yt T+ T+ 2y

Proof. Let 0 < m < k—1 be determined by the rewrite step s =, s'. Case 1: 1 <4' = j' <K', 2}, <yl
If j" # m or 2}, # 2z + 1 then go(z},) = 0 = go(2;). Else choose j =m + 1,2; = 1. Here we use yp+1 > 0
to establish z; < y;. We get

90(2j) = gr(Ym + 1,0,...,0) = g1 (ym, 1) — 1 = gji(yi, 2;) — 1
——
T

by Items 1 and 3 of Proposition 6.7.

Case 2: 1 <i' < j' <K', 2} <.

Case 2.1: m+1<i <j'<m+r—1 Then yy + 2441+ ---+ 251+ 2y =0. Choose any 1 < i < k,
and let j =i and z; = 0. Then

gj’fi’(yé’vx;url: s 71..;"71)'2,") =0=g0(0) .
Case 2.2: i' =m +r. Choose =7' —r +1,j =j' —r +1,2; = zj,. We get
gj’*i’(yg’am;’a v 7m;"—1)Z;") = gj*i(yi)xiJrl)' .. ,1']‘,1,2]‘),

Yo+ T Ay 2 =it i i 2



Case 23: 1 <i' <mori #m+rand m+r—1<j <k'. We carry over the proof of Lemma 6.8,
observing the facts i’ # j', i # j, and y}, —x}, = y; —«;. Then we may conclude from the proof of Lemma 6.8
that

! ! ! ! _ ! ! !
gir—ir (Yirs Tip 15+ - 737]"—1’2]") = gj'—i (xi':---:mj'—pzj')
> gjfz(x“ v 71.]'*172]') -1

=09j-i(Yi,Tiy1,.. ., Tj-1,25) — 1
and

Ypr +xpgq +o Ty 2y = (Y —xy) Fw e T+ 2
= (o —zp)tTit Ttz
Yi—x) +xi+ o+ 2

I
o)

=Y+ T+ +Ti—1 + 25 -

This finishes the proof. O

LEMMA 6.13. Let s — s’ be an ordinary step where T(s) = (zo,-.-,TK;Y0,---,yx) and T(s") =
(T0s ey T3 Yo -+ s Ypr) - Ifyi +xiyy + -+ 23 > L for some 1 < i’ < k' then y; + x40 4+ ---+ 2 > £ for
some 1 <i<k.

Proof. The claim immediately follows from the following claim. For every 1 < i’ < k' thereis 1 <i <k
such that

A:yi+$i+1+"'+$k—(y2r+x;,+1+---+x;c,)ZO .

The proof is done by case analysis on '
Case 1: 1 < ¢ <m — 1. Choose ¢ = ¢'. Then

A=Zp+Tmer — (@, +0+--4+0+2,, ) =Zm +Tmg1 — @m + 1+ Tpy1 —1) =0 .
r—1

Case 2: ¢/ = m. Again choose i = i’. Then

A=ym+Tmi1 — U +0+--+0 +2 ) =UYm +Tms1 — Wm + 1+ 2pmy1 —1) =0 .
r—1
Case 3: m+1<i <m+r—1. Choosei=m+1. Then A =z, —2,,,=1>0.
Case 4: m +r <i' <k'. Choose i =i’ —r + 1. Then obviously A = 0. This finishes the proof. O
DEFINITION 6.14. Let T'(s) = (xo, .-, Tk Yo,---,yx) and let y;+xi11 +- -+ > £ for some 1 <i < k.
Then h'(s) € N is defined by

hl(s) :min{gj_i(yi,:vi_,_l,...,:vj_l,zj) [1<i<j< k,zj <zjyi +xip1 + -+ xjm1 + 25 =/(} .

Because the minimum is taken from a finite, non-empty set, h'(s) is well-defined.

Using Lemma 6.12 and 6.13, in the same way as Lemma 6.10, one can prove:

LEMMA 6.15. Let s — s' be an ordinary step where T(s) = (zo,-.-,TK;Y0,---,yx) and T(s") =
(TG o s Tl 3 Yoy - Ypr ) Ifyi + 2y + -+ ) > £ for some 1 <i' <K' then y; +xip1 + -+ > £ for
some 1 <i <k, and h'(s) <h'(s") + 1.

Thus we get a lemma like Lemma 6.11:



LEMMA 6.16. Let T'(s) = (zo,...,Zk;Yo,---,Yk). If there is an extraordinary reduction s —™ t then
Yi + g1 + -+ xp > L for some 1 < i <k, and moreover h'(s) < n.

Proof. Let s —™ s’ be shortest, i.e. s =" ! s is an ordinary reduction and only the last step s’ — ¢
is extraordinary. The inductive base n = 1 is proven by h'(s) < ¢1(¢ — 1,1) = 1. For the inductive
step s — s =772 5" let y! + Ti +---+ 2, > (for some 1 <i' < k' and let h'(s") < n — 1. Thus
Yi+xiy1 + - +xp > L for some 1 <i <k and h'(s) < n by Lemma 6.15. O

Now let us prove that the length of the loop in Lemma 4.6 is minimal.

LEMMA 6.17. R admits no loops of length less than 1 + Ef;é r for £ = |'§].

Proof. Suppose that s = usv is a loop of minimal length. By Theorem 5.2 we may assume that
s —1 usv is a forward closure. By Lemma 5.3, s = 10P~9%+¢ for some k > 0. By Lemma 5.6, k > 1 + £.
Since the loop is a forward closure, all zeroes in s must be consumed during the reduction. By OV L({,¢) = ()
we may assume that the steps are rearranged to s —% (0P1""1)*107 = s’ =" usv. Case 1: s’ =" usv is

ordinary. Then we get h(s') < n by Lemma 6.11 and by 10P~9¢ prefix of s. We compute h(s') as follows:

h(s') :g(r,l)(g,l)(l,o,...,0,1,0,...,0,1,...,0,...,0,1)
S—— S~ S——
r—2 r—2 r—2
<1
1

== 1((7‘—1)#_1 + =2+ =Dt = (r=1)(t-1))

{—1 '
= Zr’ -0 .

=0

So the total length of the reduction is k+n > k+h(s') = k+ Y20 ri —0 > 143120 . Case 2: s' =" usv
is extraordinary. Then we get h'(s’) < n by Lemma 6.16. It turns out that h'(s’") = h(s). So, no matter
whether the reduction s —" usv is ordinary or not, we get k+n > 1+ Ef;é r. This finishes the proof. [
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